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Abstract 
 
The results of measuring the gas pressure in intergranular spaces as well as the sand temperature in the core box for fast-binding moulding 
sands, hardened by the reactive gaseous agent, are presented in the paper. The experimental stand and the measurement method were 
described. Investigations concern the determination and recording of the gas pressure changes in the sand along the hardened core in three 
measuring points. The hardening gas was delivered in a continuous manner under a constant pressure. The determined pressure changes 
for the reactive gas (taking part in the chemical reaction of the hardening process) were compared with the pressure changes for the inert 
gas. In addition, the sand temperature changes during the hardening process were measured. 
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1.Introduction 
 
A  gas  flow  through  a  porous  medium, such as a moulding 
sand is difficult for a description and relatively little known. The 
first  scientist,  who  investigated  problems  of  flowing  through 
porous  media,  was  Henry  Darcy  [1].  On  the  grounds  of 
experimental investigations he developed the equation describing 
the  dependence  between  the  filtration  rate  of  a  liquid  flowing 
through  a  porous  medium  u  and  a  pressure  gradient  P.    The 
Darcy's formula did not contain a liquid viscosity. Equation (1) 
presents the scalar formulation of the Darcy's Law [1]: 
 
     
 
 
  
 
             (1) 
where: 
u -  filtration velocity – flow through a porous medium, 
∆p – pressure drop, l -   height of a porous layer, 
µ -  viscosity of the flowing liquid, 
k -  permeability of a porous layer. 
 
The sign minus in the above equation is related to the fact that 
the liquid is flowing in accordance with the pressure drop.  
Hagen and Poiseuille, other scientists who were dealing with 
effects  of  liquids  flowing  through  capillary  channels 
(intergranular  pores  in  moulding  sands  can  be called like that), 
formulated the law, according to which a gas transport in a porous 
medium and its velocity depends on (Equations 2 and 3): pressure 
difference (p), gas viscosity (), porosity scale of a medium (Vp) 
- related to intergranular capillaries size (Dp), length of capillary 
channels (L) and a surface area of pore walls (S) [4,5,6]. 
 
 
 A RCHIV ES   o f  F O UNDRY  ENG INEERI NG   V o l u me  1 1 ,  Is s u e  4 / 2 0 1 1 ,  2 0 4 - 20 8                                 205 
L
p Dp
 
 



32
2
  (2)
 
L S V
p V V
p
l p
2 ) 1 (
2 2
2
   
  


   (3)
 
 
There  is  a  lack,  in  the  world  scientific  literature,  of  the 
mathematical  model  determining  a  gas  flow  through a granular, 
porous  medium,  such  as  the  compacted  moulding  sand. 
Kaczmarek [2,3] presents, in his papers, the mathematical model 
describing  a  gas  flow  (permeation)  via  porous  rocky  media. 
However, due to the applied assumptions and conditions of the 
process, this model cannot be applied to the gas flow through the 
moulding  sand  compacted  in  the  core  box.  The authors of the 
hereby paper, on the grounds of the Kaczmarek’s model, proposes 
his own solution of the mathematical description of the gas flow 
through  the  porous medium.  Fig.1 presents the scheme of the 
model for theoretical considerations of the gas flow through the 
porous medium. 
 
 
Fig. 1. Schematic presentation of the model for theoretical 
considerations of the gas flow through the porous medium 
 
where: 
ps - gas pressure in cilinder, pr - gas pressure in cores,  
pa - atmospheric pressure  
   
As  the  results  of  the  theoretical  pondering  Equation  (4)  was 
developed,  which  after  establishing  the boundary conditions of 
the process, can be used for modelling the pressure changes in the 
sample. 
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where: 
p - pressure, k - mass permeability, ε - mass porosity 
μ - dynamic viscosity of gas 
   
Equation  (4)  (mathematical  model)  describing  the  pressure 
changes of the gas flowing through the porous material, which is 
compacted moulding sand, is correct for inert gases, it means such 
gases, which are not consumed during the flow. For the reactive 
gases,  which  are  actively  participating  in  the  moulding  sand 
hardening  (and  are  consumed  during  the  process),  the 
mathematical  model  of  gas  pressure  changes  during  flowing 
through the sand is much more complicated. In order to find out 
in  which  way  the  reactive  gas  pressure  changes  during  the 
hardening process the pressure measurements in the core during 
the moulding sand hardening were performed. 
 
 
2. Own investigations 
 
2.1.  Purpose  and  the  methodology  of 
investigations 
 
The  conceptual  diagram  of  the  stand  for  ultrasound 
investigations of the moulding sand hardening process is shown in 
Figure 2. 
 
 
Fig. 2. Schematic presentation of the experimental stand for 
ultrasound investigations of the sands hardening kinetics: 
1- gas cylinder, 2 - reducer, 3 - heater, 4 – control valve, 5 - 
manometer, 6 – ultrasound heads, 7 - recorder, 8 - computer, 9 – 
places of measurement, 10 – perforated bottom,  11 – core box 
 
To be able to measure pressure changes of the reactive gas in 
the  moulding  sand  during  the hardening process, and also sand 
temperatures,  six openings were drilled in sidewalls of the core 
box. Openings were situated symmetrically on both sides, the first 
at a distance of 5 cm (measuring point 1), the second at a distance 
of 13.5 cm (measuring point 2) and the third one at a distance of 
22 cm (measuring point 3) from the point of the gas dosage into 
the core box. After compacting the moulding sand, the protective 
plugs were removed and pressure sensors were screwed in into 
openings  on  the  one  side,  while  temperature  sensors  – 
thermocouples  of  K  type  -  on  the  other  side.  In  addition  a 
temperature  and  pressure  of  the  flowing  gas  were  measured. 
Sensors were placed inside the supply conduit at a distance of 3 
cm (measuring point 0) before the place of the gas supply into the 
core  box.  Temperatures  and  pressures  were  measured 
simultaneously  during  the  hardening  process  and  their  results 206                                  A RCHIV ES  o f  F O UNDRY   ENG INEERING   V o l u me  1 1 ,  Is s u e  4 / 2 0 1 1 ,  2 0 4 - 2 08 
were  gathered  in  the  computer  file.  The  way  of  sensors 
distribution is shown in Fig. 3. 
 
 
Fig. 3. Stand for measuring the gas pressure changes and the sand 
temperature in the core box (a view of the core box); 1 – pressure 
sensor (measuring point 0); 2 – place of the gas supply into the 
core box; 3 – pressure sensor (measuring point 1); 4 – pressure 
sensor (measuring point 2); 5 – pressure sensor (measuring point 
3); 6 – temperature sensor (measuring point 0); 7 – ultrasound 
head; 8 – temperature sensor (measuring point 2); 9 – temperature 
sensor (measuring point 3). 
 
2.2. Performed  investigations 
 
Investigations concerned the moulding sands on the matrix of 
high-silica sand "Szczakowa" of an average grain size dL = 0.24 
mm – ‘fine’ sand.  
Phenol-formaldehyde resin of the resol type - SuperEko NFC 
and  water-glass R-145 were applied as binding agents. 2.5% of 
the  resin  and  5%  of  water-glass  were  added.  The  cores  were 
blown with CO2, at a pressure of 25*10
3 Pa (0.25 atn). 
During the sand hardening process, performed by the gaseous 
agent,  gas  pressures  and sand temperatures inside the core box 
were  recorded.  In  addition  the whole process was recorded by 
means of the ultrasound technique. 
 
2.3.  Gas  pressure  distribution  inside the core 
box, during  the hardening  process 
 
Fig. 4 and 5 present pathways of pressure changes inside the 
mould during the core hardening process. Pressure p recorded by 
sensors is ‘de facto’ the difference between the pressure inside the 
core box – in intergranular spaces -  pw and the pressure of the 
surroundings - po. 
 
 
 
Fig. 4. Pathways of the hardening gas pressure changes in the core 
under investigations, during the sand hardening in the core box. 
Matrix – ‘fine’ sand, binder – SuperEko resin, hardener - CO2, pg 
= 25*10
3 Pa (0.25 atn) 
 
 
Fig. 5. Pathways of the hardening gas pressure changes in the core 
under investigations, during the sand hardening in the core box. 
Matrix – ‘fine’ sand, binder – water-glass, hardener - CO2, pg = 
25*10
3 Pa (0.25 atn) 
 
For the moulding sand with the SuperEko resin (Fig. 4) in the 
first 30 seconds of the measurement, the pressure inside the core 
box equals the outside pressure, p = 0. Blowing in the hardening 
gas started in the 30
th second of the measurement, which can be 
noticed in the diagram as a pressure peak. From this very moment 
the hardening process begins. As a result of the reactive gas flow 
the  pressure  in  the  core  box  is  higher  than  outside  – positive 
gauge pressure occurs. This pressure is not constant, e.g. in the 
measuring point 1, from the 30
th  up to app. 90
th second a gradual 
pressure increase is seen. During this time, it means from the 30
th 
second (the moment when blowing of the reactive gas started) to 
the  90
th  second,  the  core  layer  hardening  process  occurs.  The 
amount of the reactive gas supplied in the time unit is constant 
since it is delivered at the constant dosing pressure. However, as 
the  result  of  the  hardening process, a part of the supplied gas 
reacts  with  the  binder  and  therefore  the  initial  value  of  the 
positive  gauge  pressure  is  lower than the value in the moment 
when  the  core  is  fully  hardened.  An  increase  of  this  positive 
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character of its changes is similar to the sand hardening character 
recorded  by  the ultrasound technique. In case of the measuring 
points  2  and  3  the  analogous  character  of  positive  pressure 
changes is observed, the only difference being that for the first 13 
and 26 seconds of blowing in, the hardening gas in the measuring 
points 2 and 3 – respectively, the positive gauge pressure remains 
constant, not increasing as in the measuring point 1. Only after 
these  times  there  is  an  increase  indicating  the  moulding  sand 
hardening. The reason of such delay is related to the shifting of 
the  sand-hardening  front.  Layers  being  the  closest  to  the  gas 
dosing  are  hardened  as  the first ones (measuring point 1). The 
majority of the hardening gas is consumed there and only a small 
amount  reaches  the  successive  layers  causing  an  insignificant 
positive gauge pressure.  In addition, the hardening gas ‘pushes 
out’ air from intergranular pores and the recorded small positive 
pressure is probably caused by the ‘compressed’ air layer. The 
similar  situation  occurs  in  case  of  sands  with  the  water-glass 
binder  (Fig.  5).  The  same  effects  related  to  the  gas  hardening 
pressure change in the core box are observed. 
  In  order  to  verify  what  will  be  the  inert  gas (argon) 
pressure  changes  inside  the  core  box  another  examination  was 
performed. The argon pressure distribution is shown in Fig. 6. 
 
 
Fig. 6. Comparison of pathways of the pressure changes of the 
inert and hardening gas inside the core, under investigation, 
during the sand hardening in the core box. Matrix – ‘fine’ sand, 
binder – SuperEko resin, gas - either argon or  CO2, pg = 25*10
3 
Pa (0,25 atn) 
 
Argon was blown into the core box before (from 10 to 50 s) 
and after (from 280 to 320 s) the sand hardening process. Due to 
the fact, that argon is an inert gas and does not participate in the 
hardening reaction (is not consumed), the positive gauge pressure 
obtained  during  gas  blowing  through  the  sand  is of a constant 
value  and  does  not  change during this blowing. Along the core 
length with the uncovered bottom surface a natural decrease of a 
gas pressure occurs and is recorded by the successive sensors. 
 
2.4. Moulding sand temperature changes 
during  hardening 
 
Chemical  reactions  between  binding agents and active gases 
(CO2) are quite often exothermic. Within the investigations of the 
hardening  kinetics  the  temperature  changes  of  sands  with  the 
organic  binder  (SuperEko)  and  inorganic  (water-glass)  were 
recorded. 
 
Fig. 7. Sand temperature changes during its hardening in the core 
box. Matrix – ‘fine’ sand, binder -  SuperEko resin, hardener - 
CO2, pg = 25*10
3 Pa (0,25 atn) 
 
 
Fig. 8. Sand temperature changes during its hardening in the core 
box. Matrix – ‘fine’ sand, binder -  water-glass, hardener - CO2, pg 
= 25*10
3 Pa (0,25 atn) 
 
Sensors – K type thermocouples – were located in a similar 
fashion as the pressure sensors, it means at a  distance of 5 cm 
(measuring  point  1),  13.5  cm  (measuring  point  2)  and  22  cm 
(measuring point 3) from the place of gas blowing into the core 
box. Additionally a temperature of the gas being blown into the 
sand was measured. The thermocouple was placed inside the gas 
supply conduit at a distance of 3 cm (measuring point 0) before 
the place at which the gas was blown into the core box. 
Characteristics  showing  changes  of  temperatures during the 
hardening process (measuring points 1, 2, and 3) of sands with the 
SuperEko resin are presented in Fig. 7, while the measurement in 
the point 0 indicates temperature changes of the gas supplied to 
the core box. The start of the reactive gas blowing into the sand, 
which  initiated  the  chemical reaction and the hardening, was in 
the  30
th  second  of  the  measurement.  From  this  moment  the 
temperature  increase  is  observed,  indicating  that  the  hardening 
reaction is the exothermic one. A sand temperature measured in 
the point 1 obtains its maximum at app. the 100
th second of the 
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sand  hardening  process  in  this  part  of  the  core  slows  down. 
Temperature changes measured in the measuring points 2 and 3 
are  of  a  similar  character.  A  temperature  of  the  blown  in  gas 
(measuring  point  0)  was,  in  practice,  constant  during  the 
hardening process.  
Figure  8,  in  turn,  presents  the  temperature  changes  of the 
moulding  sand  with  water-glass.  The  character  of  changes  is 
similar as in the case of sand with the SuperEko resin, however 
the temperature increase is slower, which can indicate either that 
the  hardening  reaction  is  slower  or that the heat of reaction is 
lower. A slower sand hardening was also recorded by means of 
the ultrasound technique. 
 
Fig. 9. Temperature, pressure and the sand hardening degree 
(measuring point 1) as a function of time. Matrix – ‘fine’ sand, 
binder – SuperEko resin, hardener - CO2, pg = 25*10
3 Pa (0.25 
atn) 
 
The  characteristics  of  pressure,  temperature  and  hardening 
degree expressed in the relative scale – in percentage approach - 
for the sand with the SuperEko resin are listed in Figure 9.  The 
percentage range: 0 - 100% comprise changes of the investigated 
parameter  in  the  period  from  the  beginning  to  the  end  of  the 
hardening  process.  All  values  were  measured  in  the  measuring 
point 1. The sand hardening process starts in the moment when 
the gas dosing starts, and it is simultaneously accompanied by the 
sand  temperature  and  gas  pressure  increase.  In  case  of  the 
ultrasound hardening the increase occurs after some time.  In the 
first  phase  of  the binding process the elasticity changes of the 
system:  binding  agent - matrix are too small to be recorded by 
means of the applied ultrasound testers.  During this period the 
sand is not increasing (significantly) its strength. The hardening 
degree constitutes the measure of the process advancement, which 
represents the ratio of changes of the ultrasound wave - passing 
through the sand - velocity, and thus the medium ability to the 
ultrasound  wave propagation. During the hardening process the 
moulding sand changes its elastic properties. Before hardening the 
moulding sand is a visco-elastic material, which strongly dampens 
the passing ultrasound wave. As a result of the hardening process 
the  sand  gradually changes its reological properties from visco-
elastic  to  elastic-plastic.  Until  it  reaches  these  elastic-plastic 
properties the sand strongly dampens the ultrasound wave, which 
is  displayed  in  the  diagram  by  the  hardening  degree of a zero 
value. During further hardening the sand reological features, due 
to  decaying  plastic  properties, are changing from elastic-plastic 
into  elastic  -  the  most  often  non-linearly  elastic  –  which  is 
reflected  in  the  diagram  by an increase of the hardening degree 
from 0 to 100 %. After 75 - 85 seconds all three characteristics 
obtain  similar  (close  to each other) values in the dimensionless 
approach (relative pressure, temperature and hardening degree). 
 
 
3. Summary  and conclusions 
 
The  performed  investigations  of  the  gas pressure and sand 
temperature  changes  during  the  hardening  process  allow 
presenting the following conclusions: 
  The hardening gas pressure, inside the intergranular spaces, 
is  not  of  a  constant  value  during  the  hardening  process 
despite  the  constant  pressure  of the supplied gas. In the 
initial phase of the hardening the gas pressure in the sand 
decreases.  As  the  hardening  proceeds,  when  the  reaction 
rate as well as the ‘demand’ for the hardening gas decreases, 
the pressure gradually increases. When the hardening in the 
given  micro-space  is  finished  the  pressure  obtains  the 
constant maximum value. 
  The  hardening  process  of  the  moulding  sand  with  the 
SuperEko  resin  and  with water-glass is of the exothermic 
character,  which  is  seen  as the sand temperature increase 
during the process. The temperature, at the addition of the 
binding  agent  recommended  technologically  (2.5% 
SuperEko, 5.0% water-glass), increases by app. 4 
oC for the 
sand with the SuperEko resin and by app. 5 
oC for the sand 
with water-glass. 
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